Approximate IIartree-Fock calculations for IT3, CII2, NH2, H 2 0 , H 2 0 +, BI-I,-, NII4+, and CH4 have bce n used to determine equilibrium angles and internuclear separations. The res ults are in good agree ment with the experimental values where t hese exist.
Introduction
Perhaps the most widely used scheme for the prediction of molcculm' shapes is the correlation diagrams proposed by Walsh (1) . 1 The simplicity and popularity of the scheme rests on the assumption that the total energy of the molecule is simply the sum of one-electron orbital energies. Substantially, this is equivalent to an extended Huckel calculation as it is us ually applied [2] . Hoffmann notes that such a procedure can be valid only if there is a slow variation with distance for the difference between the nuclear-nuclear repulsion and the electron-electron repulsions.
Reliance upon such a fortuitous cancellation or semi empirical parameterization of the problem is not satisfying in two essential respects. In the first place, as noted by Coulson and Neilson [3] , there are fundamental theoretical objections to anyone-electron model. Secondly, the predictions of the scheme must be treated more cautiously when applied to changes in molecular geometry attendant upon excitation or ionization.
Coulson and Neilson proposed that the apparent simplicit.y of the partition of the total energy into one-electron terms be retained, nonetheless, for its obvious pedagogic and predictive value. The partition which they devolved upon is a natural one based on the H artreeFock molecular orbital approach. The total energy in the Hartree-Fock approximation can be written, for a closed-shell molecule, as (1) J Figures in brackets indicate th e literature referen ces at the end of this paper.
where ei= E i+ E i. V N is the total nuclear-nuclear repulsion energy, E i is the expectation value for molecular orbital i of all one-electron potential and kinetic energy operators, and EO i is the ith eigenvalue of the solu tion of the self-consistent field equations which determine the Hartree-Fock function.
In general, with the exception of VN , these quantities cannot be determined accurately for a general range of molecular cases. The usual method is to expand the Hartree-Fock orbitals as a linear combination of atomic orbitals. Solution of the resultant eq uations is by an iterative self-consistent field (SCF ) procedure [4] . Accuracy of the variational solutions is predicated upon the number and type of basis functions. The total energy of the system is determined by the SCF program precisely by eq (1) or its analog suitably modified for the open-shell case.
Implicit in this approach is the assumption that the geometry of a molecule can be calculated, to a high degree of accuracy, by a self-consistent field one-electron theory which ignores certain types of correlation. This assumption is buttressed by both experimental numerical work with diatomic molecules [5] and theoretical arguments [6] .
However, calculations of polyatomic molecules have not been quite as successful. N[uch of this difficulty probably can be attributed to the approximate integrals that were used in evaluating the necessary matrix elements. The prediction of the equilibrium angle for AH2 molecules with a Hartree-Fock calculation, until recently, was quite problematical.
Higuchi [7] found a rather slow variation of the energy of NH2 with angle in the neighborhood of the experimental value and a minimum of 105°, but the integrals were not evaluated in a consistent fashion. The equilibrium angle calculated by Ellison and Shull [8] was considerably greater than tbe experimental value. Using approximate integrals, Krauss and Padgett [9] determined the molecular geometry of CH2 which was in poor agreement with experimental results. An accurate configuration interaction calculation by Foster and Boys [10] did not find any better agreement with the experimental equilibrium configuration for either the singlet or triplet ground states of CH2. The total energy, however, is in the neighborhood of the expected Hartree-Fock limit. This emphasizes the relative unimportance of correlation in determining the geometry of a molecule.
SCF results, considerably more accurate than those cited above, have recently been published by Moccia [ll] . Using a large number of functions in a one-center expansion, he obtained equilibrium configurations that are in good agreement with the experimental value confirming the impression that the correlation of electrons plays a small role in determining the geometry.
Approximate Hartree-Fock orbitals and energies of the same order as those obtained by NIoccia can be obtained readily with Gaussian basis sets. Preliminary results for CH4 and NHt [12] were quite encouraging. Qualitatively interesting results have been reported by Harrison [13] , but the number of basis functions that were used for H 20 were insufficient to yield a quantitative result. Extending the basis slightly, however, produced both a large improvement in the total energy and the calculated equilibrium angle. These results indicate that moderately accurate Gaussian SCF results can predict the structures of radicals and ions.
Calculations for H 3 , CH2, NH 2, H 20 , H 20 +, BH4 , NHt, and CH4 will be reported in this paper.
The SCF results also yield enough data to test the contentions of Coulson and Neilson. It will be seen that the simple one-electron picture is unsatisfactory since the partitioned energies reflect the influence of the other orbitals in a complex fashion. Such conclusions must b e qualified by observing that accurate Hartree-Fock values have not been obtained but these results provide a consistent test with functions that do predict a moderately accurate geometry.
Results of Gaussian Calculations
The SCF calculations follow a standard procedure that has recently been reviewed by N esbet [4] . Since the open shell is of different symmetry from all other occupied orbitals, th e Nesb et and Roothaan [14] The use of Gaussian basis fun ction s is r ecommended for polyatomic calculations because of the ease with which t he n ecessary matrix elem ents are evaluated (15) , However , so m any function s aJ'e r equired in order to achieve an accurat e Hartree-Fock function t hat in only five cases, CH 4 , NH t, BH.j, CH 2 (31:;;) , and H 3, was an en ergy ob tain ed that is sufficiently accurate to warrant a n analysis of th e energy. For all oth er cases only th e angul ar variation of t.he approximate energy was considered.
Th e parameters for the b asis orbi tals are given in table 1 . The t etr ahedral orbital par'ameters wer e either scaled from th e b est H atom r esults of Longs taff and Singer [16] or wer e v aried in a limited mitnn er to minimize t he energy, For H 20 th e choice of parameter s was dictated by the desire to compare the present results with those reported by Harrison. The parameters for CH2 and NH2 were chosen by reference to various atom results that have been obtained by Huzinaga [17] .
In table 2, the eigenvalues, functions and energies for all of the relevant cases are presented. Note that all results are for normalized basis functions. The equilibrium angles and internuclear separations were obtained simply from a quadratic fit and only the three solutions in the neighborhood of the equilibrium are given. Calculated equilibrium angles and distances are compared in . 159 
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It is evident that the approximate Gaussian calculations are adequate for the determination of the molecular geometries of first-row hydrides. The greatest discrepancy between the calculated and experimental equilibrium angles is about 5 ° and the largest error in the equilibrium internuclear separation is 0.05 a.u. This accuracy is of the order of that reported in reference 5, although a more accurate SCF result for H 20 presented by Moccia yields slightly better agreement between the calculated and experimental angle.
The success of the numerical experimentation permits confidence to be placed in the predicted angle for H20 +, a rather large 119°. This value is totally unexpected from the presumed nonbonding character of the Ib 1 orbital. Experimental evidence is ambiguous. The firs t R ydber g excited st ate of H 20 has b een an aly zed (18) . Only a small ch ange in an gle was observed but it was accompanied by an appreciable increase in th e O-H distan ce . It is usu ally assumed th at th e first m ember of an np R y dberg series does no t p en etra te t he core and influen ce the bonding, but this is not certain.
From K oopman's theorem the ver tical ionization po tential for H 20 , 0.465 a .u ., is approximated b y th e orbital en ergy 0 .500 a .u. H owever , as n oted by Clem enti (19) , the ioniz ation poten tial is given by where E~B is the reor gani zation en ergy in computing the SCF energy of the ion , (E e-E c" ) is the difference in correlation en er gies between the n eu tral and ionic species, (ER -E ;) is t he difference in rela tivistic en ergies b etween the n eu tr al and ionic species, and Eve r t is t he in tern al en ergy of the ion a ttendant up on a vertical transition .
(ER -E~) is v ery close to zero and for our purposes we sh all assume th at Eve r t is also s mall en ough to b e n eglected. Then t h e ch an ge in correla tion en ergy can b e d etermined from E~B' which is approximately -0.100 a .u., to b e about -0.065 a. u . This resul t is in good ag reem en t with Clem en ti's [20 ] es tim ate of -0.074 a.u . for the correlation energy of a p air. In fact , if we use a b et ter estim ate of the CH 4 correla tion en ergy [21 ] , the correlation ener gy per b onding pair in CH 4 is about -0.067 a.u . or less. The for t ui to us cancellation of t h e r eorganiza tion energy and the ch ange in correlation en ergy is the b asis for the success of the application of K oopman 's theor em to th e prediction of ionization poten tials .
The r esults for H 20 were obtained wi th SCF calcula tions som e 2 e V higher than those r eported b y M occia and som e 6.5 e V from the H ar tree-Fock limit es timated by :Moccia. Ag reemen t of es tim a ted and computed p air correla tion en er gies must b e co nsidered in this ligh t.
1'he r esults for H 3 are the m ost accurate of all th ose rep or ted . The asymptotic error Jor three H atoms computed with a five S -type Gaussian b asis is 0.02 eV and th e error in the m olecule is prob ably less th an 0.05 eV . Addi tion of an other p -typ e Gaussian improved t he total molecular en ergy by less t h an 0.01 e V .
Unfortuna t ely , the I-I artree-Fock H 3 surface is of little value for understandin g the kinetics of th e H + H 2 system sin ce a radical r eaction is primarily a correlation problem . There are also complications due to the inaccurate asymp totic beh avior of the m olecular orbi tals. An estimate of the correlation en ergy canno t be m ade from th e isoelectr onic atom s; th e in tersh ell cor relation is much lar ger in H 3 th an in Li due to t he appreciable differen tial overlap in t he molecule.
The results for BH4-are an alogous to those reported for CH 4 and NH4+ and little can b e added to t he discussion of BH4-. It sh ould be n oted , though , that the exp erimental h eat of atomization is n ot accurately Imown and th er e is a corresponding uncertainty in the boun d for the m olecular correlation en er gy. E vidently, t he accuracy for the 3:2;; st a te of CH 2 is not comparable to that for th e tetrahedral m olecules or H 3. This is eviden ced by the large correlation energy limi t in t able 4. Although the h eat of atomization reported fo r CH 2 may still be too high , the calculated in ternuclear separation indicates the SCF result for CH 2 is still appreciably above the H ar tree-F ock limit. F or strongly bonded molecules, it would be expected that most excited configurations required to represen t the exact fun ction would have larger equilibrium internuclear sep arations. The Hartree-Fock equilibrium internuclear sep aration, therefore, should b e sm aller than th e experimen tal value. The inadequacy of the Gaussian b asis for CH 2 can b e attributed to two main defects: (1) n o vari a tion of the orbital expon en ts was a ttemp ted , and (2 ) p -type fun ctions are required on the H atoms.
The fin al comment is in m any ways the most important. A comp arison of ta ble 5 with the similar data presen ted by Coulson and N eilson shows how ill-founded was their exp ectation that improved molecular wavefunctions would no t ch ange their results qualitatively. The behavior of e~al in t h e n eighborhood of 105 0 is n ot a t all similar to that exhibited b y the curve for 3a1 in figure 3 of referen ce 3. There is little point in examining the differen ces in det ail ;
